The Hanbury Brown Twiss (HBT) interferometer was proposed to observe intensity correlations of starlight to measure a star's angular diameter. As the intensity of light that reaches the detector from a star is very weak, one cannot usually get a workable signal-to-noise ratio. We propose an improved HBT interferometric scheme introducing optical parametric amplifiers into the system, to amplify the correlation signal, which is used to calculate the angular diameter. With the use of optical parametric amplifiers, the signal-to-noise ratio can be increased up to 400 percent.
The Hanbury Brown Twiss (HBT) interferometer was proposed to observe intensity correlations of starlight to measure a star's angular diameter. As the intensity of light that reaches the detector from a star is very weak, one cannot usually get a workable signal-to-noise ratio. We propose an improved HBT interferometric scheme introducing optical parametric amplifiers into the system, to amplify the correlation signal, which is used to calculate the angular diameter. With the use of optical parametric amplifiers, the signal-to-noise ratio can be increased up to 400 percent.
In 1956, a new type of optical interferometer was proposed by Hanbury Brown and Twiss to measure correlations in intensity fluctuations [1, 2] . They demonstrated the experiment with two photomultipliers placed in the far-field zone of a radiation source to measure the intensity of the collected light and the correlation between the two intensity signals from the two photomultipliers.
The Hanbury Brown Twiss (HBT) interferometer was initially developed to measure the angular size of stars. But, for over half a century, the HBT interferometer has also played a major role in understanding the dual waveparticle nature of light by motivating both theoretical and experimental research on the coherence properties of optical fields [3] [4] [5] [6] [7] [8] [9] [10] . Moreover, besides the study of optical fields, the HBT interferometer has also been applied in other physical systems. Baym discussed the basic physics of intensity interferometry and its application in high energy nuclear physics, condensed matter physics and atomic physics [11] . Jeltes, et al. studied differences between fermionic and bosonic HBT interferometers [12] . Recently, Campagnan, et al. introduced a HBT interferometer realized with anyons, which can directly probe entanglement and fractional statistics of initially uncorrelated particles [13] . Other interesting applications can be found in Refs. [14] [15] [16] [17] .
The first experiment with a HBT interferometer was done on the star Sirius to measure its angular diameter. This star was particularly chosen because it was the only star bright enough to give a workable signal-to-noise ratio (SNR) [1] . Now the question arises, is it possible to apply HBT interferometry for stars that are much less brighter than Sirius? We answer this question in the affirmative by proposing an interferometric scheme that consists of optical parametric amplifiers (OPAs) applied to the HBT interferometer to obtain an amplified SNR. To be more specific, the original HBT interferometer collects light produced by independent sources on the disc of a star and the intensity is detected at two different locations on Earth, which are multiplied and integrated into a correlator to get the correlation function and finally the angle information. Our idea is to amplify the signal (starlight) before it is passed into the correlator by using two OPAs. The OPAs boosts the input photon number increasing the intensity of the measured star light and ultimately the correlation signal amplitude of the HBT interferometer. The net effect is the increase in SNR. Although the noise also increases, the increase in noise is lower than the signal. We show that if the starlight is very weak (or the mean photon number is very low) the SNR can even increase up to 400 percent. Thus, the new HBT interferometric scheme is helpful for measuring a star whose intensity at the detector is low.
The HBT interferometer.-The HBT interferometer is an improvement over the Michelson stellar interferometer. The Michelson stellar interferometer measures the correlation of the electric field in order to measure the angular diameter of the stars, whereas, the HBT interferometer measures the intensity correlation of the light to measure the angular diameter.
The basic idea behind the HBT interferometer is shown in Fig. 1 . Let k and k be the wave vectors of two light beams produced by independent sources on the disc of a star and φ be the angle between the emitted light. Assuming, sources k and k produces electric fields E k e i k· r and E k e i k · r , the total amplitudes at r 1 and r 2 can be written as
The intensities at r 1 and r 2 can be measured with two detectors. The signals which are proportional to the intensities are multiplied and integrated in a correlator. And finally, we obtain the correlation function from the arXiv:1712.02887v1 [quant-ph] 7 Dec 2017 correlator as
where, k = | k| = | k | and r 0 = | r 1 − r 2 | is the magnitude of the vectorial distance between the two detectors. By varying the separation of the detectors, we can learn the angle between the two rays from Eq. (2), and from that, we can get the physical size of the star. As the intensity of each light ray is proportional to the photon number, the correlation function in Eq. (2) can also be written as
Only the last term in the above equation contains the angle information, and hence we can simplify the correlation function to eliminate the impact of the background as
where, C 0,DC is the constant term in the original correlation function.
FIG. 1.
Schematic diagram of a HBT interferometer. k and k are the wave vectors of the two rays. The intensities are measured at r1 and r2 by two detectors and the signals are combined in an electronic correlator, which calculates the second order correlation function.
The noise is defined as ∆C = Ĉ2 − Ĉ 2 . In the
, and the noise is given as
In order to remove the influence of the angle, we define a new noise as
where, ∆C 0,avg is the average of the original noise, meaning all the terms including φ in the above equation are removed.
Note
we have, n 2 = 2n th 2 + n th , n 3 = n th 1 + 6n th + n th 2 , n 4 = n th 1 + 14n th + 36n th 2 + 24n th 3 ,
where, n th is the mean photon number of the thermal state.
For the sake of simplicity, we represent the mean photon number of light rays with wave vectors, k and k asn andm respectively. Using this, the correlation function of the HBT interferometer is given by
and, the noise is given by 
Model of an optical parametric amplifier.-An optical parametric amplifier, abbreviated as OPA, is a light source that emits light of variable wavelengths by an optical parametric amplification process. As depicted in Fig.  2 , an OPA is a device with two input modes,â in andb in and two output modes,â out andb out , which performs the mode evolution as shown below [18] 
with, u = cosh g, v = e iθ sinh g, and θ and g is the phase shift and parametrical strength in the OPA.
After propagation through the OPA, the relation between input and output modes are given by
We can always choose the parameters in the propagation process in Eq. (12) . Without loss of generality, assuming, θ = 0, we can write the relation between the input and output modes aŝ
If we inject a thermal state to the upper mode and a vacuum state to the lower mode, then after the propagation, we have
where, µ = cosh g, ν = sinh g andn in =â † inâ in . Optical parametric amplified HBT interferometerFrom Eq. (13), we know that an OPA can boost the input photon number. Thus, we can apply OPAs to the HBT interferometer to obtain an amplified correlation signal we need. Our scheme is depicted in Fig. 3 . We place two OPAs at r 1 and r 2 and let the starlight pass through the OPAs first. The notations,â j,in (b j,in ),â j,out (b j,out ), corresponds toâ in (b in ),â out (b out ) in Fig. 2 , where j = 1, 2. The starlight is injected in the port ofâ j,in and a vacuum state is injected in the port ofb j,in . After the OPAs, we only detect the output ofâ j,out and then combine the two output signals into the correlator. With the property that OPA can boost the input photon number, we obtain an amplified correlation function.
Next, we calculate the correlation function and the noise of the new system. Using eqs. (14) to (17), we can easily get the forms of n i k,out and n i k ,out (i = 1, 2, 3, 4) after passing through the OPAs. Plugging these new values into Eq. (4) and Eq. (6), the correlation function reduces to
And, the noise to Comparing Eq. (18) with Eq. (9), we can see that the signal amplitude of the correlation function is increased by a factor of (n cosh 2 g + sinh 2 g)(m cosh 2 g + sinh 2 g)/nm. We plot the ratio of the signals of the two interferometer systems as shown in Fig. 4 . In this figure, we fix the parametrical strength g = 2 and assume that both light sources have the same mean photon number. We see a factor of (cosh 2 g) 2 ∼ 200 increase in the signal whenn ≥ 10.
Once we have the signals and noises of both systems, that is of the original HBT interferometer and our proposed OPAs amplified HBT interferometer, we can compare the performance of these two systems. We use SNR as a indication of the system performance. As we discussed earlier, the signal is increased by the OPAs but what about SNR? We define the SNR as The ratio of the SNRs of the two interferometer schemes as a function of mean number of photonsn in lights k and k , with g = 2. SNR2 is the signal-to-noise ratio of the optical parametric amplified HBT interferometer and SNR1 is the signal-to-noise ratio of the original HBT interferometer.
In Fig. 5 , we plot the ratio of the SNRs of the two systems as a function of the mean photon number. From the figure, we see that the SNR increases by about 66 percent with the use of the OPAs whenn ≈ 1. Moreover, ifn is much smaller, then the SNR increases by 400 percent. As the function of the curve is too complicated, we use curve fitting to get an approximated function which is SNR2 SNR1 = 1.082 + 0.584 n .
From the above equation, one can get the value of SNR increased for an arbitrary smalln. Conclusion.-In conclusion, we have studied a new interferometric scheme that combines OPAs with HBT interferometers. In our scheme, instead of measuring the intensity of the starlight directly, we let the starlight go through the two OPAs first, amplifying the correlation signal by about a factor of cosh 4 g. To be more specific, when the parametrical strength g is 2, and the mean photon number of both star lights is 20, the signal gets 200 times larger than the original signal. Although the noise also increases in our new scheme, the SNR is increased by at least 8 percent compared to the original SNR. Even, when the starlight is weak, which means that the mean photon number is very small, the SNR increases by a factor of 400 percent. In astronomy, the intensity of light that reaches the detector from the majority of stars is very weak, thus, our scheme will be very helpful. For example, Vega which has 0.95 × 10 −4 photons per unit optical bandwidth per unit area and unit time at 443nm as the flux is the second brightest star in the night sky [19] . Using our interferometric scheme to measure Vega, the SNR could be increased by three orders of magnitude.
